Heat shock protein 90 (HSP90) is a member of a family of molecular chaperone proteins which can be upregulated by various stressors including heat stress leading to increases in HSP90 protein expression. Its primary functions include (1) renaturing and denaturing of damaged proteins caused by heat stress and (2) interacting with client proteins to induce cell signaling for gene expression. The latter function is of interest because, in cancer cells, HSP90 has been reported to interact with the transcription hypoxic-inducible factor 1 (HIF1 ). In a normoxic environment, HIF1 is degraded and therefore has limited physiological function. In contrast, in a hypoxic environment, stabilized HIF1 acts to promote erythropoiesis and angiogenesis. Since HSP90 interacts with HIF1 , and HSP90 can be upregulated from heat acclimation in humans, we present a proposal that heat acclimation can mimic molecular adaptations to those of altitude exposure. Specifically, we propose that heat acclimation increases HSP90 which then stabilizes HIF1 in a normoxic environment. This has many implications since HIF1 regulates red blood cell and vasculature formation. In this paper we will discuss (1) the functional roles of HSP90 and HIF1 , (2) the interaction between HSP90 and other client proteins including HIF1 , and (3) results from in vitro studies that may suggest how the relationship between HSP90 and HIF1 might be applied to individuals preparing to make altitude sojourns.
Introduction
Heat shock proteins (HSP's) are classified as molecular chaperones that play an integral role in the maintenance of damaged cells after heat exposure. When a living organism is exposed to a hyperthermic environment, intracellular HSP expression is increased. A function of HSPs is to sequester and refold denatured proteins [1, 2] , with an upregulation protecting cells from future thermal damage [3] .
Heat shock protein 90 (HSP90) is a 90 kda protein that has specific functional characteristics when compared to other members of the HSP family. Along with renaturing damaged proteins, HSP90 interacts with target client proteins stimulating the activation of specific signaling transduction pathways [4] . Specifically, in clinical research, HSP90 has been shown to participate in the signaling transduction of some proteins regulating oncogenic factors [5] . Research shows that HSP90 inhibitors have been examined in their role to decrease tumor growth [6] by interacting with hypoxicinducible factor1 (HIF1 ). In this pathway, inhibition of HSP90 leads to less bioavailable HIF1 a transcription factor for vascular endothelial growth factor (VEGF) which promotes angiogenesis. An example of this interaction has been illustrated when geldanamycin (GA) an HSP90 inhibitor leads to degradation of HIF1 in tumor cells decreasing vascular growth [7] . The interaction between HSP90 and HIF1 provides an intriguing aspect of the regulation of HIF1 .
In endurance athletics, training methods which involve the use of hypobaric hypoxia have been used to induce an increase in HIF1 a transcription factor responsible for expression of erythropoiesis. With increasing altitude there is a decrease in the partial pressure of oxygen (PIO 2 ), which stabilizes HIF1 causing activation of molecular signaling pathways needed in a low oxygen environment [8] . In a normal oxygen environment, HIF1 is constantly undergoing protein degradation, while, in hypoxia, HIF1 does not undergo protein degradation but leads to an increased bioavailability of the protein which is then considered stabilized.
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The idea that HSP90 interacts with HIF1 is appealing for sports scientists because it may provide a novel crossacclimation training model in which heat acclimation (HA) may improve exercise tolerance at high altitude. Investigators have found that continuous exposure to high altitude (traditional altitude training) is the optimal method to induce altitude acclimation and to improve exercise capacity [9, 10] while intermittent high altitude (hypobaric hypoxia or normobaric hypoxia) exposure provides an alternative effective approach to altitude acclimation [9, 11] . Limitations of both the traditional and intermittent altitude exposure are that individuals may not have (1) access to high altitude terrain, (2) time needed to spend at altitude for effective acclimation, or (3) the expensive equipment required to simulate hypoxia. Thus, an alternative approach such as HA may be beneficial to those needing to acclimate to hypoxic environments. The ability to exercise in hot environments is more accessible to most individuals than to exercise in hypoxic environment. Heat acclimation may be beneficial for those seeking to improve sea-level exercise performance or for use as crossacclimation model to maintain or improve exercise capacity at high altitude (defined as ≥2200 m) without being exposed to high altitude.
The understanding of molecular adaptations to HA may lead to future sports sciences applications. Results from studies using in vitro models have found that inhibition of HSP90 limits HIF1 activity, suggesting that perhaps HA could stimulate HSP90 activity and stabilize HIF1 . Increases in HIF1 may initiate some of the changes normally associated with altitude training such as increased red cell mass or increased collateral circulation.
The purpose of this paper is to discuss the possibility of using HA to induce some of the adaptations that occur with altitude acclimation. We will review in vitro research regarding the regulation of HIF1 by HSP90 as a framework for proposing what may occur in humans. Stressors other than heat also increase the HSP90 response; however; in this review we will limit the discussion to only those associated with exercise and heat. We will discuss (1) the functional relationship between HSP90 and HIF1 and (2) the interactions between HSP90 and client proteins which may alter exercise response. Lastly, we will discuss how we can use what we have learned from in vitro studies to deduce how this relationship between HSP90 and HIF1 might be applied to humans exercising at high altitude training.
Function of Heat Shock Protein 90
Heat shock protein 90 is ubiquitously expressed [12] and acts to preserve damaged proteins from being denatured; thus HSP90 is considered a housekeeping protein important in the maintenance of cellular homeostasis. In addition, HSP90 appears to interact with and activate client proteins such as numerous steroid receptors including glucocorticoid and androgen receptors [13, 14] . In some cases, activation of some of these client proteins may lead to cellular growth such as cancer and tumor growth. The transcriptional regulation of this protein is by heat shock factor 1 (HSF1). Using an affinity chromatography technique, Nadeau and colleagues [15] were the first to show that HSP90 formed a protein-to-protein complex with HSF1 (HSP90-HSF1 complex). Subsequently, in vitro studies using human HeLa cells provided the first evidence that HSP90 regulated its own transcription activity [16] . In subsequent in vivo studies, oocytes of Xenopus laevis frogs injected with HSP90 antibody disrupted the HSP90-HSF1 complex leading to an increase of HSF1 binding to the heat shock element (HSE) of the DNA promoter region [17, 18] . Empirical evidence supports the notion that HSP90 is transcriptionally regulated by HSF1. In this section, HSP90's functional role in protein sequestering and activation of other proteins will be discussed.
HSP90's Role in Protein
Maintenance. Heat shock protein 90 is an elongated dimer protein in which the C-termini are connected in the middle of the protein with the N-termini located at distal ends [4] . When activated, the N-termini of the protein act as a clamp surrounding the target protein sequestering and refolding damaged proteins [4, 19] . This was observed in an in vitro study when denatured citrate synthase was treated with varying concentrations of HSP90 [19] . Wiech et al. [19] reported fewer protein aggregates and greater functional proteins after refolding when HSP90 was present compared to when proteins were not treated with HSP90. When luciferase is denatured, attenuation of protein aggregates was reported when treated with HSP90 and then compared without the treatment of HSP90 [20, 21] . One method in which researchers have studied the effects of HSP90 on protein refolding is by inhibiting HSP90.
Geldanamycin is an HSP90 inhibitor which binds to the active site of HSP90 inhibiting ATP hydrolysis, thus decreasing activation of the protein. When GA is added to HSP90 and denatured luciferase, there is a 50% decrease in protein refolding [20] . Schneider et al. [22] investigated the effects of heat-induced denatured colon and breast carcinoma cells treated with and without GA. The investigators reported ∼85% and ∼52% increase in protein activity and protein refolding, respectively, in cells not treated with GA [22] . The reported decrease in protein refolding suggests GA's efficacy in the inhibition of HSP90. Thulasiraman and Matts [23] also reported that protein renaturing of luciferase in rabbit reticulocytes is inhibited in a dose-dependent manner (0.2 to 1.3 M of GA), with the maximum inhibiting dose being 0.7 M of GA.
In summary, HSP90 acts to sequester and refold proteins that have been damaged during heat stress. The role of HSP90 to refold denatured proteins is illustrated when there is a decrease in protein refolding and function after inhibition by GA. The results from these studies provide support that HSP90 plays a role in damaged protein rebuilding. Additionally, HSP90 also appears to interact and activate client proteins which can lead to activation of cell signaling pathways. In the next section, HSP90's role in interacting with client proteins will be discussed.
Interaction between HSP90 and Client Proteins.
Along with acting as a molecular chaperone to refold denatured Physiology Journal 3 proteins after heat stress, HSP90 also interacts with client proteins [24] . Its functional role in interacting with client proteins is to bind to and form a complex with proteins which can induce signal transduction [25, 26] . Among these client proteins are steroid receptors [27] , dioxin receptors [28, 29] , and nitric oxide synthase ( Figure 3) . In this section, we will discuss the physiological effects of the interaction between HSP90 on specific client proteins.
HSP90 and Glucocorticoid.
Studies have shown that HSP90 is capable of binding to steroid receptors [30, 31] . The importance of HSP90 binding to hormone receptors is that it allows for translocation into the nucleus, subsequently activating gene expression. In glucocorticoid receptors (GR), the HSP90 bound to GR forms a HSP90-GR complex which maintains the GR conformation allowing for ligand binding [32] . Disruption of the HSP90-GR complex can lead to a decrease receptor to ligand affinity [32, 33] . Inhibition of HSP90 decreases steroid receptor activation and may lead to decreased signal transduction as reported in in vitro [34, 35] and in vivo [35] studies. Segnitz and Gehring [34] examined the effects of GA on different steroid receptors and reported an 8.7% increase in enzyme activity when glucocorticoid was administered to 3T3 fibroblast cells. In contrast enzyme activity was reduced 1.2-fold when cells were then treated with GA. When cells were no longer treated with GA, enzyme activity and steroid receptor induction was regained. The physiological consequence of HSP90-GR complex disruption can be profound. Using in vivo mouse model, Bucci et al. [36] investigated the effects of HSP90 inhibition on carrageenaninduced inflammation. The authors reported that cotreatment of both dexamethasone (an anti-inflammatory) and GA had no effect on reducing inflammation. It was concluded that GA disrupted the anti-inflammatory effect of dexamethasone by decreasing receptor-ligand binding affinity. Other HSP90 inhibitors also have shown similar results. Solit et al. [35] reported that in vivo 500 nm of 17-AAG decreased androgen receptor by ∼91% in human prostate cancer cells. The authors reported a dose-response relationship where there were 87% and 80% decrease in androgen receptor activity and tumor growth when mice with prostate cancer were treated with 50 mg/kg 17-AAG.
HSP90 and Aryl Hydrocarbon Receptor.
Heat shock protein 90 interacts with aryl hydrocarbon receptor (AHR) (also known as dioxin receptor). Aryl hydrocarbon receptor is a transcription factor [37] that regulates the synthesis of cytochrome P450 enzymes within the liver. Among other roles, cytochrome P450 enzymes are responsible for metabolism of drugs [38, 39] , vitamins [40, 41] , and cholesterol [41] . In the cytoplasm, when AHR is not bound to a protein it is bound to HSP90, forming an HSP90-AHR complex [42] . Formation of this complex is important in the AHR activity. Research has revealed that disruption or low levels of HSP90 enough to limit HSP90-AHR complex would decrease ligand-to-AHR binding ultimately leading to less active AHR [43, 44] . Whitelaw et al. [44] modified yeast strain to express low HSP90 binding receptors on the AHR. This technique limits the formation of HSP90-AHR complex, so that protein interaction can be investigated. The researchers reported less active AHR activity when treated with an AHR agonist -naphthoflavone in the modified AHR. In order for a protein to bind to AHR, the HSP90-AHR complex must first be present indicating HSP90 signal responsiveness. Others have also shown that HSP90-AHR complex is required for high-affinity binding of ligand-to-AHR binding [45, 46] .
HSP90 and Nitric Oxide. Nitric oxide synthase (NOS)
is an enzyme that oxidizes L-arginine to citrulline and the by-product of that reaction is nitric oxide (NO) [47] . Nitric oxide is a potent vasodilator responsible for dilating pulmonary and peripheral vascular smooth muscle to increase blood flow. The physiological significance of the HSP90-NOS interaction has been illustrated when inhibition of HSP90 by GA significantly decreases vasodilatation in the aorta of rats [48] . The antivasodilatory effect of GA on peripheral vasculature also has been reported in vivo. Shastry and Joyner [49] investigated the effects of GA on peripheral vascular blood flow in humans and reported that GA reduced vascular blood flow when vasodilation was induced separately by acetylcholine and local heat to the skin.
Heat shock protein 90 plays a role in the regulation of all three isoforms of NOS (inducible NOS, epithelial NOS, and neuronal NOS) [47] . The mechanism of action has not been fully elucidated, but it appears that HSP90 interacts with NOS by stabilizing and increasing the affinity of calcium to the calcium-calmodulin complex [50] . When kidney cells (HEK293) were treated in a physiological range from 10 to 500 nM with HSP90, iNOS activity (measured by L-arginine to citrulline conversion) significantly increased in a dosedependent manner [51] . This dose-dependent response of HSP90 on NOS activity has also been reported in the nNOS isoform [50] and increased presence of HSP90 has been shown to increase all three isoforms of NOS activity and to subsequently increase formation of NO [48, 51] .
Collectively, the results from these investigations illustrate that HSP90 interacts with and can increase activity of NOS. Activation and upregulation of NOS can lead to downstream signal transduction causing vasodilation. Inhibition of HSP90 can attenuate the physiological responses by decreasing the signal transduction to decrease vasodilatory responses.
HSP90's Role in Vascular
Growth. Vascular growth is mediated by the transcription factor VEGF which is regulated by HIF1 [52, 53] . Increased expression of VEGF leads to angiogenesis or formation of new blood vessels. Blockade of the hypoxic response element (HRE) of HIF1 on DNA has a downstream effect of decreasing VEGF [52] . In this section we review supporting evidence that HSP90 regulates HIF1 and therefore VEGF Cancer growth is dependent on an increased vasculature which provides optimal nutrient delivery and blood flow. The upregulation of HSP90 in cancer cells plays a role in mediating cancer growth by inducing increases in HIF1 and VEGF [54] . Evidence supporting this relationship is observed when HIF1 and VEGF protein levels are decreased by the administration of GA in prostate cancer cells [55] . Research shows that HIF1 and VEGF protein levels are increased in cancer cells [56, 57] . Giatromanolaki et al. [58] reported that 33% of 106 subjects with multiple myeloma had higher levels of HIF1 protein in the cytoplasm and nucleus of bone marrow samples. The high levels of HIF1 were linked with greater VEGF and vascular density. Further, Büchler et al. [59] took biopsy samples of 18 human patients with pancreatic cancer and exposed the samples to a low oxygen environment (≥90% N 2 and ≥5% CO 2 ). The authors found that HIF1 protein and VEGF mRNA significantly increased in a time-dependent manner. It is noteworthy that characterization of cancerous pancreatic tissues revealed that, even when exposed to a normoxic environment, detectable levels of HIF1 and VEGF were observed [59] . This has been supported when human prostate cancer cells cultured in normoxic conditions (20% O 2 and 5% CO 2 ) expressed HIF1 mRNA, while this expression was not observed in noncancerous tissues [60] . It can be concluded that other factors may regulate HIF1 in a normoxic environment. Traditionally, activation of the HIF1 signaling pathway is dependent on a hypoxic environment, allowing for stabilization of the protein. The presence of measurable proteins suggests that cytosolic HIF1 may be regulated in a normoxic environment in these cells.
Function of Hypoxic-Inducible Factor 1
Hypoxic-inducible factor 1 is classified as an oxygen sensing molecule. In a normoxic environment, HIF1 is ubiquitinated via prolyl-hydroxylase (PHD). After HIF1 protein is tagged by PHD's it is degraded via E3 ligase of the von Hippel-Lindau (vHL) proteasomal pathway [8] . In a hypoxic environment, PHD levels are decreased preventing vHL protein degradation of HIF1 . Instead, HIF1 is translocated across the nucleus where it dimerizes with HIF1 forming the active form of HIF1 transcription factor [8] . Hypoxicinducible factor 1 will bind to the HRE on the nuclear DNA signaling activation of many transcription factors that cause adaptations in order to maintain homeostasis in a low oxygen environment. The signaling pathway is summarized in Figure 1 . Interestingly, in prostate cancer cells, HIF1 mRNA expression is upregulated when tissue samples were cultured in normal oxygen levels [60] . The presence of this protein can lead to a signaling cascade similar to that observed when cells are placed in a hypoxic environment. Stabilization of HIF1 in normoxia indicates an alternative regulator of HIF1 in normal oxygen environment. In fact, stabilization of HIF1 appears to involve the molecular chaperone HSP90.
HSP90/HIF1
Interaction. As previously discussed, one function of HSP90 is to interact with and activate client proteins [24] . A method commonly used to determine proteinto-protein interaction is through coimmunoprecipitation. This method involves the lysing of cells without denaturing intracellular proteins. An antibody specific to the protein-toprotein complex is then added and the protein complex is then measured using western blot technique. Greater protein expression of the coimmunoprecipitate indicates protein-toprotein interaction. A client protein that has been found to interact with HSP90 is HIF1 [61, 62] . Gradin et al. [63] showed greater HSP90-HIF1 protein interaction in rabbit reticulocyte lysate coimmunoprecipitated in HSP90 compared to the control without HSP90. Isaacs et al. [61] also reported an increase in HSP90-HIF1 interaction when precipitate was measured in prostate (C2) and kidney (CAKI-1) cells. Interestingly, this protein interaction can be disrupted by treating cells with HSP90 inhibitors [61, 62] . The mechanism of protein disruption may be due to inactivation of the ATP binding site of HSP90, decreasing its ability to act on client proteins [7] . Some researchers claim that, since GA induces HIF1 protein degradation, HSP90/HIF1 interaction is required for HIF1 stability in a normoxic environment.
The physiological significance of the HSP90-HIF1 interaction has not been fully elucidated [62, 63] but interference of HSP90 with HSP90 inhibitors leads to diminished cancer growth [6] , while increases HSP90-HIF1 precipitate promotes angiogenesis. Heat shock protein 90 interaction with HIF1 allows stabilization of HIF rather than undergoing protein degradation in normoxia [64] .
Hypoxia's Role in Regulating Angiogenesis and Erythropoiesis
At altitude there is a decrease in the PIO 2 reducing oxygen delivery to the working muscles which results in decreased exercise performance [65, 66] . To combat a low oxygen environment, the body adapts to maintain normal function. An adaptive response is to increase oxygen delivery by increasing the number/density of blood vessels (increased capillary density) or to increase oxygen-carrying capacity (polycythemia, increase red blood cell) which is mediated by the HIF1 pathway. In this section we will discuss how hypoxia regulates angiogenesis and erythropoiesis. Exercising in a hypoxic environment or severe hypoxic exposure alone can induce molecular adaptations that are mediated by transcription factors that stimulate angiogenesis [67] and increase the EPO response [67, 68] . To study the molecular adaptations of endurance exercise at simulated hypoxia (3850 m), Vogt et al. [69] divided 30 untrained male subjects into four groups: (1) normoxic high-exercise intensity group, (2) hypoxic high-exercise intensity group, (3) normoxic low-exercise intensity group, and (4) hypoxic low exercise intensity group. Low-and high-exercise intensity workloads were defined as the workload (watts) corresponding to 2-3 mM and 4-6 mM of blood lactate, respectively, and were performed five days a week for 30 minutes. Those in the hypoxic group wore a facemask and breathed inspired oxygen of a PIO 2 equating to 89 mmHg to simulate 3850 m. Researchers reported significant 82.4% and 58.2% increase in HIF1 mRNA expression in both hypoxic groups, independent of exercise intensity while there was a 17% increase in the normoxic high intensity group and no changes in the normoxic low intensity group derived from muscle biopsies of the vastus lateralis. Researchers also reported a 52.4% increase in VEGF mRNA, as well as an 18.7% increase in muscle capillary length in the hypoxic high intensity exercise group. It is, however, important to note that changes in VEGF mRNA and capillary length were only observed in the hypoxia high intensity exercise group. The authors concluded that a greater exercise stimulus may have aided in greater VEGF mRNA expression and therefore increased capillary length. Nevertheless, angiogenesis has been observed after 3 and 6 weeks of continuous exposure to hypoxia (12% O 2 ) alone [70, 71] . Semenza and colleagues [72, 73] have shown that hypoxia-induced HIF1 regulates the release of erythropoietin (EPO) in the kidneys. A significant increase in serum-EPO has been observed when humans were acutely (5.5 h) exposed to simulated hypobaric hypoxia (3,000 and 4,000 m) [74] . Researchers also reported an inverse relationship between serum-EPO and alveolar partial pressure of oxygen (PAO 2 ). This meant that, at a lower PAO 2 , it was shown that there was a greater presence of serum-EPO, a result which has been supported by others [75, 76] . Erythropoietin is a hormone released in the blood stream which travels to bone marrow stimulating red blood cell formation [77] . This leads to an increase in oxygen-carrying capacity that is necessary to maintain exercise capacity during high altitude sojourns.
The idea that HIF1 may be stabilized in normoxic environmental conditions presents a possible novel approach to induce molecular adaptations beneficial for exercise in a hypoxic environment. Heat shock protein 90 is an abundant protein found in the cytoplasm [78] that is ubiquitously expressed throughout cells [12] . Thus, this idea brings forth a possible novel approach to molecular adaptations for exercising in the heat.
Exercise, Heat Exposure, and Combined
Exercise-Heat Stimuli to Induce HSP90
Heat Shock Protein 90 and Exercise.
Scientific investigations of the response of HSP90 following exercise in humans are scarce. The evidence available suggests that intracellular HSP90 changes very little after exercise [78, 79] . Fehrenbach et al. [78] investigated HSP responses in leukocytes before and after a half-marathon in 12-trained endurance athletes. Heat shock protein 90 expression in peripheral blood mononuclear cells (PBMC) after a half-marathon was not different than before the race. In a similar study, Shastry et al. [79] investigated the response of HSP90 in leukocytes of trained and untrained subjects following a 1 h run at 70% VO 2 max in a thermoneutral environment. There was no change in HSP90 protein expression (measured by Western Blot) at 15-and 24-hour after exercise compared to baseline (106 ± 10% and 100 ± 11%, resp.). Taken together, these studies show that, since HSP90 is unaffected after a long (half-marathon) or short (1 h) bout of exercise, it could be concluded that exercise may have little effect on inducing an increase in HSP90 in leukocyte/PBMC. A limitation of these studies was that they used a single bout of exercise. Harris et al. [80] investigated HSP90's response to exercise training in rats by comparing an exercise group to a nonexercise group. The authors reported that, after 14 weeks of treadmill running (with progressively increasing exercise intensity), HSP90 levels were significantly increased 1.9 ± 0.1 (fold, < 0.05) in the soleus muscle in the exercise group compared to control rats. Perhaps regular repetitive longer exercise stimulus is required to induce HSP90 response from exercise or maybe exercise-induced response of HSP90 differ between skeletal muscle and PBMC or between species.
Heat Shock Protein 90 and Heat Exposure.
Heat shock protein 90 is a heat-inducible protein indicating that stress such as heat can cause a greater intracellular protein expression. Mice, exposed to 5 days of continuous heat exposure at 37 ∘ C, showed that HSP90 was increased in the spleen, brain, and heart tissues [81] . Wilson et al. [82] showed, using western blot technique, that, after 1 h of direct and constant heat exposure raising skin temperature to 41 ∘ C, HSP90 protein was slightly increased in human skin in vivo.
Combined Exercise and Heat-Induced Heat Shock Protein 90.
The evidence for induction of intracellular HSP90 in leukocytes by exercise stimulus alone is conflicting. Perhaps a combination of exercise and heat may have an additive effect to induce HSP90 expression (Figure 2) . After a 10 d HA protocol plus an exercise intervention, McClung et al. [12] reported a 21.1% increase in HSP90 in PBMC. In ex vivo experiments of the subjects PBMCs revealed a significant correlation between inducibility of HSP90 and percent change in core temperature ( 2 = 0.89, < 0.005), in that inducibility of HSP90 was increased with a lower core temperature over a 10 d period. Unfortunately, the aim of their study was to investigate HSP90 responses to heat and exercise and not the interaction between HSP90 and HIF1 ; an interaction between HSP90 and HIF1 could not be drawn.
We speculate that a combination of exercise and heat stress will have a synergistic effect of increasing HSP90 leading to greater HSP90-HIF1 interaction. This interaction may have the physiological effect of increasing red blood cell formation and capillary density. Both these adaptations would improve oxygen-carrying capacity and increase blood flow which may increase oxygen delivery and improve exercise tolerance at altitude. It is unclear how large an increase in intracellular HSP90 is required to induce a protein-toprotein interaction to have physiological significance. In vitro studies have primarily investigated the effects of upregulation or inhibition of HSP90 but not the interaction between the two proteins. Future in vitro studies are needed to determine the optimal protein-to-protein interaction required to have a physiological effect. Using in vivo studies, researchers have used both human and animal models or different tissue samples; however they did not measure both HSP90 and HIF1 making it difficult to determine how much of an HSP90 increase is needed to stabilize HIF1 [12, 83] . Future in vivo studies comparing the same tissue and species measuring HSP90-HIF1 precipitate are needed to gain a better understanding of the required effect for protein-to-protein interaction and its effect on polycythemia and angiogenesis.
Interaction between HSP90 and HIF1 .
Research suggests that heat exposure both in vitro and in vivo can induce increases in HIF1 [83, 84] and a HSP90-HIF1 interaction may occur [84] . Using immunofluorescence technique, Katschinski et al. [84] were the first to show in liver cancer cells (HepG2) that both HSP90 and HIF1 are increased in a 42 ∘ C and 20% oxygen environment illustrating the effect heat has on increasing these proteins in a hot, normoxic environment. Furthermore, the administration of GA decreased HIF1 protein expression. Maloyan et al. [83] added to previous findings when they reported that long-term continuous heat exposure at 34 ∘ C plus additional two hours of heat shock (41 ∘ C) increased HIF1 protein by twofold. In addition, rats in the control group that only received two hours of heat stress per day had an increase in HIF1 protein; however, the effect was not as great as the heatacclimated rats. Further analysis revealed that the HIF1 's downstream target transcription factor VEGF had greater mRNA expression in the acute heat-shock and long-term heat exposed group. The main finding of their investigation was that HA and/or heat stress can increase HIF1 protein and the downstream gene target VEGF independent of environmental hypoxia in rat myocardium [83] .
Evidence from the studies of Katschinski et al. [84] and Maloyan et al. [83] bring to light a plausible mechanism in which HSP90 can stabilize HIF1 . A limitation of their studies [83, 84] is that they did not investigate the mechanism that led to the increase in HIF1 independent of the normoxic environment. Katschinski et al. [84] reported that HIF1 expression was decreased during heat exposure using an HSP90 inhibitor; however, they did not report whether HSP90 inhibition decreased formation of HSP90-HIF1 precipitate. A reduction of HSP90-HIF1 precipitate in conjunction with administration of an HSP90 inhibitor provides stronger mechanistic evidence that heat stress-induced HSP90 can regulate the activity of HIF1 . The proteinto-protein interaction is not clear but understanding the mechanism (phosphorylation, hydroxylation, etc.) between these two proteins may elucidate whether exercise and heatinduced increase in HSP90 will act to stabilize HIF1 .
The equivocal results from studies investigating HSP90s response to exercise and heat separately and/or together are compounded by different methodology. The use of various in vitro and in vivo models and the different types of tissue in which HSP90 have been measured make it difficult to draw conclusions regarding the role HSP90 may have on HIF1 in humans. Nevertheless, to our knowledge, we are the first to propose that exercising in the heat might increase HSP90-HIF1 and this interaction would lead to molecular adaptations that mimic those observed in altitude acclimation. The proposed mechanism is summarized in Figure 2 , however, this signaling pathway is not without limitations. First, little is known about how HSP90 interacts with HIF1 . Is HIF1 activated by HSP90 through phosphorylation or hydroxylation or does HSP90 act as a scaffolding protein? Understanding how these two proteins interact may provide insight into HSP90's function related to HIF1 . Second, we speculate that HSP90 would increase HIF1 activity similar to how higher doses of HSP90 increased NOS activity. However, previous findings suggest that, in animal [81] and human models [12] , intracellular HSP90 reaches maximal levels at 5 to 10 d of HA, respectively. These studies reported that subsequent heat exposure had little effect in further increasing HSP90 levels; perhaps in vivo these physiological levels are not enough to stabilize HIF1 in a normoxic environment as we propose. Third, most studies investigating HSP90 and HIF1 have been conducted in cardiac muscle, liver, prostate, PBMC, or kidney tissues both in vitro and in vivo; however, little has been done using human skeletal muscle. Caution should be used when making inferences between animal and human models. It is possible that different cell types may respond differently to heat and exercise stimulus. It is conceivable that changes in HSP90 may not be accompanied with changes in HIF1 protein or gene expression in skeletal muscle compared to leukocytes [85] . Lastly, altitude-induced polycythemia is one method in which humans acclimate to altitude. This is mediated in a low oxygen environment which increases HIF1 leading to an increase in EPO response. In fact, Maloyan et al. have reported a fourfold increase in EPO mRNA in kidneys of rats after long-term heat exposure. To test this hypothesis, experiments using in vivo and in vitro human skeletal muscle and PBMC models are necessary to determine the heat stress response. In the in vivo human model, HSP90, HIF1 protein, EPO, and VEGF could be measured before and after a combined exercise and heat intervention. In the in vitro model, cell samples collected preand postintervention could be exposed to heat similar to the in vivo model. The same proteins would be measured, along with analysis of coimmunoprecipitate formation of HSP90-HIF1 . If coprecipitates are formed, cells would be treated with HSP90 inhibitors to determine its downstream effect on VEGF and EPO protein formation.
We propose that exercise and heat would have effects similar to those of hypoxia. Such a cross-adaptation response would be beneficial to military personnel rapidly deployed to high altitude environments, endurance athletes preparing to compete at altitude, or mountaineers preparing for high altitude expeditions. If HA induces red cell formation and vascular growth in a normoxic environment, it may enhance oxygen-carrying capacity, a limitation to exercise at altitude. Individuals would not have to travel to high altitude terrain or use costly equipment to acclimate to high altitude. Evidence suggests that prior heat exposure may be advantageous to those exercising in hypoxia. Hiestand and colleagues [86] reported that, when mice were continuously exposed to heat for 10 to 14 d, the animals had an increased tolerance to anoxia compared to those not exposed to heat (42.1 ± 3.5, 48.2 ± 5.9, and 54.3 ± 4.2 sec, resp., for no heat, 10 d and 14 d of heat exposure). In humans, Heled and colleagues [87] reported that, after 12 d of HA (40 ∘ C temperature and 40% relative humidity) at sea-level, SaO 2 during walking exercise (7 km/h) at an FIO 2 of 15.6% (simulated altitude of 2430 m) was significantly improved (86.5 ± 2% versus 88 ± 2% from preheat acclimation to postheat acclimation, resp.). Though the mechanism has not been investigated, perhaps HA causes adaptations to the muscle to improve muscle function [88] during exercise in hypoxia, to improve cardiovascular function enhancing exercise at altitude [89] , or perhaps an increase in oxygen transport may explain the improved SaO 2 observed by Heled and colleagues. There is a possible limitation to HA. In trained individuals, 10 d of HA has been shown to increase plasma volume by 6.5% and increase cardiac output and stroke volume. While plasma volume expansion is beneficial at sea-level, it is possible that the hemodilution effect may limit oxygen transport, thereby decreasing VO 2 max during exercise. Research suggests that impairment of pulmonary gas exchange at altitude reduces VO 2 max [90] , so perhaps less viscous blood decreases transit time through the pulmonary system and reduces gas diffusion and oxygen transport. More work is needed to understand the possible advantages and limitations of using heat stress to improve exercise capacity at altitude.
Conclusion
The interaction between HSP90 and HIF1 from HA provides a possible novel exercise training method since the proteinto-protein interaction may promote red blood cell formation and vascular growth which are beneficial adaptations for exercise performance in a hypoxic environment. If exercising in the heat increases HSP90 and stabilizes HIF1 , this could be the basis for a novel cross-acclimation model where normoxic exercise in a hot environment may improve altitude tolerance. We hypothesize that the molecular adaptations during HA may benefit an athlete's performance at altitude by increasing oxygen-carrying capacity and oxygen delivery to muscles. Furthermore, perhaps this training method would be beneficial for patients who have suffered a heart attack or other conditions related to ischemia. The induction of HIF1 by HSP90 would signal the upregulation of EPO and VEGF leading to the formation of more red blood cells and new blood vessels. New blood vessels would be advantageous in patients with heart disease or patients with muscle wasting diseases by allowing for greater collateral circulation formation, thus increasing blood transport to ischemic tissue.
In conclusion, findings from in vitro studies suggest that HSP90 can interact with HIF1 by possibly stabilizing the oxygen sensitive protein in a normoxic environment. We speculate that exercise and heat-induced upregulation of HSP90 would stabilize HIF1 in humans leading to an increased formation of red blood cells and vasculature in human cardiac and skeletal muscle. Nevertheless, more Physiology Journal 9 research is needed in regard to this HSP90 and HIF1 interaction in humans in order to further evaluate our novel cross-adaption model.
